The saturated-core fault current limiter (SFCL) is widely used to limit the fault current. However, in the conventional SFCL structure, alternating current (AC) and direct current (DC) coils are wound on different loosely coupled cores. Owing to the leakage inductance, the traditional structure demonstrates relatively large demand for DC excitation power and excessive impedance during saturation. In this study, a new structure for winding closely coupled DC and AC coils on the same core in three phases is proposed to reduce the influence of leakage reactance on the SFCL performance. The leakage magnetic flux generated by both structures is analyzed by performing finite element analysis simulations and utilizing a magnetic field division method. The impedance of the limiter is measured at different DC currents and air gaps to optimize its dynamic performance. A fabricated prototype of the proposed limiter exhibits smaller steady-state losses and high current-limiting capability.
Introduction
Owing to the growing demand for the power capacity of electronic systems, the existence of short-circuit current in the power equipment connected to a grid has become a major safety concern [1] [2] [3] . Superconducting fault current limiters are widely used to limit fault current [4] [5] [6] [7] , but the high cost of superconducting materials and difficulty of converting the superconducting state to the normal one significantly limits their development. The saturated-core fault current limiter (SFCL) (Figure 1 ) is a new type of alternating current (AC) reactor demonstrating low impedance during normal operation and high impedance when a fault occurs. However, it should be noted that the existing SFCL structure has two major drawbacks: Relatively high demand for direct current (DC) power and leakage reactance in the normal state.
Owing to the growing demand for the power capacity of electronic systems, the existence of short-circuit current in the power equipment connected to a grid has become a major safety concern [1] [2] [3] . Superconducting fault current limiters are widely used to limit fault current [4] [5] [6] [7] , but the high cost of superconducting materials and difficulty of converting the superconducting state to the normal one significantly limits their development. The saturated-core fault current limiter (SFCL) ( Figure 1 ) is a new type of alternating current (AC) reactor demonstrating low impedance during normal operation and high impedance when a fault occurs. However, it should be noted that the existing SFCL structure has two major drawbacks: Relatively high demand for direct current (DC) power and leakage reactance in the normal state. The influence of the SFCL on the relay protection (including over-current protection [8] , line distance protection [9] , and zero-sequence current protection [10] ) of power systems has been discussed by other researchers. SFCL prototypes connected to a grid and rated at 35,200 and 500 kV have been examined in previous studies [11] [12] [13] . Permanent magnet (PM)-biased SFCLs are employed to generate magneto motive force (MMF) that saturates the core in the normal state [14, 15] . However, these PM-biased SFCLs cannot eliminate the influence of the PM on the core saturation after the demagnetization of the DC coil. Various SFCLs with open magnetic cores and relatively small sizes and weights have been investigated [16, 17] . However, their DC biasing sources consume more power as compared to those of the SFCLs with closed cores. Several approaches are proposed to resolve this issue [18] [19] [20] [21] : Varying the simulation time-step based on the voltage [18] ; analyzing the SFCL leakage magnetic flux [19] ; and decoupling the electric and magnetic data to convert the three-dimensional model into a simplified two-dimensional one [20, 21] . However, none of them provides a suitable method for improving the SFCL structure. By introducing additional impedance, the current limiting capacity of the SFCL at a fault time can be increased [22, 23] . Thus, a bridge-type fault current limiter (FCL)with improved dynamic performance and functionality similar to that of the SFCL has been proposed [24] [25] [26] ; however, it exhibits low adaptability at different fault conditions. By varying the air gap, the FCL can be switched from the normal state to the limiting one [27] , but this process may take relatively long time. Hence, a new structure of the AC coils is proposed to reduce the volume of the core, which has little effects on the two-phase-to-ground and three-phase-to-ground faults [28] .
In this work, a new close-coupled three-phase SFCL(CTSFCL), in which the DC and AC coils are wound on the same core to reduce the leakage reactance in the normal state and demand for the MMF generated by a DC source, is developed. The integration process of CTSFCL is shown in Figure 2 . The influence of the SFCL on the relay protection (including over-current protection [8] , line distance protection [9] , and zero-sequence current protection [10] ) of power systems has been discussed by other researchers. SFCL prototypes connected to a grid and rated at 35,200and 500kV have been examined in previous studies [11] [12] [13] . Permanent magnet (PM)-biased SFCLs are employed to generate magneto motive force (MMF) that saturates the core in the normal state [14, 15] . However, these PM-biased SFCLs cannot eliminate the influence of the PM on the core saturation after the demagnetization of the DC coil. Various SFCLs with open magnetic cores and relatively small sizes and weights have been investigated [16, 17] . However, their DC biasing sources consume more power as compared to those of the SFCLs with closed cores. Several approaches are proposed to resolve this issue [18] [19] [20] [21] : Varying the simulation time-step based on the voltage [18] ; analyzing the SFCL leakage magnetic flux [19] ; and decoupling the electric and magnetic data to convert the three-dimensional model into a simplified two-dimensional one [20, 21] . However, none of them provides a suitable method for improving the SFCL structure. By introducing additional impedance, the current limiting capacity of the SFCL at a fault time can be increased [22, 23] . Thus, a bridge-type fault current limiter (FCL)with improved dynamic performance and functionality similar to that of the SFCL has been proposed [24] [25] [26] ; however, it exhibits low adaptability at different fault conditions. By varying the air gap, the FCL can be switched from the normal state to the limiting one [27] , but this process may take relatively long time. Hence, a new structure of the AC coils is proposed to reduce the volume of the core, which has little effects on the two-phase-to-ground and three-phase-to-ground faults [28] .
In this work, a new close-coupled three-phase SFCL(CTSFCL), in which the DC and AC coils are wound on the same core to reduce the leakage reactance in the normal state and demand for the MMF generated by a DC source, is developed. The integration process of CTSFCL is shown in Figure  2 . Two different techniques are used to compare the leakage reactance values of the regular SFCL and CTSFCL structures. By performing finite-element simulations with JMAG software and using a magnetic field division method, the superior current limiting ability of the proposed structure is verified under different short-circuit fault conditions. At the same time, the saturation of the CTSFCL cores is examined while varying the superimposed AC and DC sinusoidal fluxes in a fault situation, which strongly affects the CTSFCL impedance. In addition, the relationship between the impedance and DC excitation at different air gaps is analyzed to improve the dynamic performance of the current limiter. Finally, a prototype of the proposed FCL is fabricated, whose experimental parameters are consistent with the results of theoretical analysis.
Structure and Operational Principle of CTSFCL

Leakage Magnetic Flux
Figure 3 a,b shows the schematic diagrams of the CTSFCL and SFCL, respectively. In both cases, six AC coils are wound on the inner limbs of six identical iron-cores. The DC coils are wound on the same iron cores outside the AC coils, as shown in Figure 3 . Unlike the CTSFCL, the Two different techniques are used to compare the leakage reactance values of the regular SFCL and CTSFCL structures. By performing finite-element simulations with JMAG software and using a magnetic field division method, the superior current limiting ability of the proposed structure is verified under different short-circuit fault conditions. At the same time, the saturation of the CTSFCL cores is examined while varying the superimposed AC and DC sinusoidal fluxes in a fault situation, which strongly affects the CTSFCL impedance. In addition, the relationship between the impedance and DC excitation at different air gaps is analyzed to improve the dynamic performance of the current limiter. Finally, a prototype of the proposed FCL is fabricated, whose experimental parameters are consistent with the results of theoretical analysis. Figure 3a ,b shows the schematic diagrams of the CTSFCL and SFCL, respectively. In both cases, six AC coils are wound on the inner limbs of six identical iron-cores. The DC coils are wound on the same iron cores outside the AC coils, as shown in Figure 3 . Unlike the CTSFCL, the conventional SFCL conventional SFCL DC coil is still wound on the inner iron cores, but the six SFCL AC coils are wound on the outer iron cores that are different from that of the DC coil.
Structure and Operational Principle of CTSFCL
Leakage Magnetic Flux
(a) (b) Since the three phases of the CTSFCL and SFCL are symmetrical, the six iron cores with the same parameters are independent from each other. As the CTSFCL and SFCL can be considered three separate single-phase systems, both the single-phase SFCL (CSFCL) and regular SFCL are analyzed in this study.
To facilitate the description of the operation principles of the SFCL and CTSFCL, the main symbols and definitions utilized in this paper are listed in Table 1 . 
Leq2
Inductance of the right AC coil of the CSFCL Leq4 Inductance of the right AC coil of the SFCL
The effect of magnetic flux leakage on the two structures makes their inductances different. The magnetic field division method described in Reference [18] is utilized to further analyze this phenomenon.
The magnetic field distributions of the CSFCL are shown in Figure 4 . The magnetic flux leakage of the CSFCL is represented by the rectangular magnetic flux tube A4 in the iron window. The leakage conductance can be calculated by the following Formula [18] : Since the three phases of the CTSFCL and SFCL are symmetrical, the six iron cores with the same parameters are independent from each other. As the CTSFCL and SFCL can be considered three separate single-phase systems, both the single-phase SFCL (CSFCL) and regular SFCL are analyzed in this study.
To facilitate the description of the operation principles of the SFCL and CTSFCL, the main symbols and definitions utilized in this paper are listed in Table 1 . Inductance of the right AC coil of the CSFCL L eq4 Inductance of the right AC coil of the SFCL The effect of magnetic flux leakage on the two structures makes their inductances different. The magnetic field division method described in Reference [18] is utilized to further analyze this phenomenon.
The magnetic field distributions of the CSFCL are shown in Figure 4 . The magnetic flux leakage of the CSFCL is represented by the rectangular magnetic flux tube A4 in the iron window. The leakage conductance can be calculated by the following Formula [18] : The magnetic field distributions of the SFCL is shown in Figure 5 . The magnetic flux leakage of the SFCL can be divided into four parts: The rectangular area A4 located inside the window and the arc areasA1, A2, and A3 outside the AC coil. The conductance of these four parts can be calculated via Formulas (2)- (5):
Here, θ1 is equal to 1.58 radian, and h = ha + 2dac. The equivalent magnetic circuit of the CSFCL is shown in Figure 6 . The magnetic field distributions of the SFCL is shown in Figure 5 . The magnetic flux leakage of the SFCL can be divided into four parts: The rectangular area A4 located inside the window and the arc areasA1, A2, and A3 outside the AC coil. The conductance of these four parts can be calculated via Formulas (2)- (5):
Here, θ 1 is equal to 1.58 radian, and h = h a + 2d ac . The magnetic field distributions of the SFCL is shown in Figure 5 . The magnetic flux leakage of the SFCL can be divided into four parts: The rectangular area A4 located inside the window and the arc areasA1, A2, and A3 outside the AC coil. The conductance of these four parts can be calculated via Formulas (2)- (5):
Here, θ1 is equal to 1.58 radian, and h = ha + 2dac. The equivalent magnetic circuit of the CSFCL is shown in Figure 6 . The equivalent magnetic circuit of the CSFCL is shown in Figure 6 . This circuit can be analyzed by applying Ampere's law:
Using Formula (6), it is possible to calculate the magnetic fluxes flowing through the CSFCL, as follows:
The equivalent magnetic circuit of the SFCL is shown in Figure 7 . This circuit can be analyzed by applying Ampere's law:
In Formula (6), G = 1/R.
The equivalent magnetic circuit of the SFCL is shown in Figure 7 . It can be analyzed by applying Ampere's law:
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In Formula (9), G = 1/R.
Using Formula (9), it is possible to calculate the magnetic fluxes flowing through the SFCL, as follows:
Formulas (8) and (13) show that at the same AC and DC excitations, the DC component of the magnetic flux flowing through the CSFCL is apparently larger than that flowing through the SFCL. Although the AC component of the SFCL magnetic flux is greater than that of the CSFCL flux, the DC flux has a stronger impact on the core saturation during normal operation; as a result, the total flux of the CSFCL is still bigger than that of the SFCL. Furthermore, it is possible to calculate the inductances of the CSFCL by applying Faraday's law:
The inductances of the SFCL can be calculated as follows:
In the normal state, the two cores become saturated due to the MMF generated by the DC source. The term µ 0 µ r is related to the saturation of the limbs, and its value is relatively small. In this case, the magnitude of G u is also small. Formulas (14) and (15) show that the reactance of the SFCL is larger than that of the CTSFCL (its smaller value significantly reduces the impact on the normal grid current).
When a fault occurs, one core becomes unsaturated, whereas the other core remains saturated during the first cycle. After that, the DC current decreases to a low value that cannot keep the second core in the saturated state. At this moment, both the SFCL and CSFCL exhibit the largest reactance. Meanwhile, the absolute permeability of the core µ increases; G u becomes much larger due to core saturation, while the magnitudes of G lCSFCL , G lSFCL1 , and G lSFCL2 remain unchanged, and their effect on the SFCL impedance is reduced. Therefore, during the fault period, the effect of the leakage magneto-resistance on the impedance of the SFCL is small, and the impedance values of the CTSFCL and SFCL are very close.
Air Gaps
Formulas (14) and (15) show that not only the core saturation and leakage flux, but also the air gap magneto-resistance R o affects the inductance of the reactor: Because the air gap is very small, the corresponding leakage flux may be considered negligible. As a result, the following formula can be derived:
Since B δ and B l are approximately equal, Formula (16) can be converted to Formula (18) as follows:
When the core has an air gap, its permeability is reduced by a factor of (1 + µ r δ/l). Since the field strength H is inversely proportional to permeability, the magnetic flux density B remains the same when H increases by a factor of (1 + µ r δ/l). As a result, the absolute permeability µ and relative permeability µ r of the iron core are reduced. The air gap in the core increases the magneto-resistance of the core that prevents its saturation due to the excessive AC current under limiting conditions. However, Formula (14) shows that the magneto-resistance of the air gap increases, which reduces the CTSFCL impedance without current limiting.
In order to analyze the effect of different air gaps on the impedance variation of the CTSFCL under AC and DC flux linkages, three models with different airgap types are considered.
As shown in Figure 8a , the full air gap is very common; the wedge-type air gap depicted in panel (b) can smooth the varying magnetic permeability by changing the cut angle α; and the graded air gap (Figure 8c ) can achieve a similar effect by changing the width and height of the ladder. In this study, three models of different air-gaps are constructed using JMAG software, and the relationship between the CTSFCL reactance and DC current is analyzed when the AC excitation current remains unchanged and the DC excitation current decreases. The obtained results are provided below. air gap (Figure 8c ) can achieve a similar effect by changing the width and height of the ladder. In this study, three models of different air-gaps are constructed using JMAG software, and the relationship between the CTSFCL reactance and DC current is analyzed when the AC excitation current remains unchanged and the DC excitation current decreases. The obtained results are provided below. 
Control Principle of the DC Power Supply
As shown in Figure 9 , the DC power supply [29] is composed of three parts. The first part outputs DC power using two AC power sources with different voltage input sand a rectifier. The second part is a fault detection module, which determines whether the system has a short circuit fault or not. The third part is a control system, which is used to control the processes of charging and discharging the DC excitation coil. 
As shown in Figure 9 , the DC power supply [29] is composed of three parts. The first part outputs DC power using two AC power sources with different voltage input sand a rectifier. The second part is a fault detection module, which determines whether the system has a short circuit fault or not. The third part is a control system, which is used to control the processes of charging and discharging the DC excitation coil.
As shown in Figure 9 , the DC power supply [29] The operation process of the DC power supply consists of the following three stages:
A. When the CTSFCL is put into operation for the first time, AC2 does not supply power, and AC1 supplies power to the system and charges the DC excitation coil to a high voltage of about 1000 V. At the same time, the control system adjusts the output current of the DC power supply to the DC coil through hysteresis control to stabilize its value at 40 A. B. When the DC current is stabilized at 40 A, AC1 is switched off, whileAC2 is switched on to supply the DC excitation coil with a low voltage of approximately50 V. The supply current of the DC excitation coil remains stable at 40 A. C. When the fault signal is received, the IGBT transistor is immediately switched off, and the DC excitation coil is discharged through ZnO1. As a result, high voltage is generated, whileZnO2 is used to protect IGBT from possible damage.
Simulation Results
Saturation in the Normal State
In order to determine the CTSFCL reactance, a 10-kV/200-kVA CTSFCL was designed (its parameters are listed in Table 2 ). The operation process of the DC power supply consists of the following three stages:
A.
When the CTSFCL is put into operation for the first time, AC2 does not supply power, and AC1 supplies power to the system and charges the DC excitation coil to a high voltage of about 1000 V. At the same time, the control system adjusts the output current of the DC power supply to the DC coil through hysteresis control to stabilize its value at 40 A. B.
When the DC current is stabilized at 40 A, AC1 is switched off, whileAC2 is switched on to supply the DC excitation coil with a low voltage of approximately50 V. The supply current of the DC excitation coil remains stable at 40 A. C.
When the fault signal is received, the IGBT transistor is immediately switched off, and the DC excitation coil is discharged through ZnO 1 . As a result, high voltage is generated, whileZnO 2 is used to protect IGBT from possible damage.
Simulation Results
Saturation in the Normal State
In order to determine the CTSFCL reactance, a 10-kV/200-kVA CTSFCL was designed (its parameters are listed in Table 2 ). According to Table 2 , two 10-kV models were obtained in JMAG software for finite element analysis ( Figure 10 ). The schematic diagram of the simulation experiment is shown in Figure 11 . The rated voltage of the three-phase power source is 10 kV, and the system and load impedances are equal to Zsi = 1.5 + j183.78and ZLi = 126 + j896.92 Ω (i=A, B, C), respectively. Between 0 and 0.1 s, both AC cores of the two structures become saturated under the action of the magnetomotive force generated by the DC source, as shown in Figure 12 . Due to the interaction of the DC and AC fluxes, the magnetic flux intensity curves of the two structures are sinusoidal. However, it is clear that the magnetic flux density of the CTSFCL is higher than that of the SFCL containing the same DC and AC sources, which indicates that the saturation of the former system is higher than that of the latter. The schematic diagram of the simulation experiment is shown in Figure 11 . The rated voltage of the three-phase power source is 10 kV, and the system and load impedances are equal to Z si = 1.5 + j183.78 and Z Li = 126 + j896.92 Ω (i = A, B, C), respectively. Between 0 and 0.1 s, both AC cores of the two structures become saturated under the action of the magnetomotive force generated by the DC source, as shown in Figure 12 . Due to the interaction of the DC and AC fluxes, the magnetic flux intensity curves of the two structures are sinusoidal. However, it is clear that the magnetic flux density of the CTSFCL is higher than that of the SFCL containing the same DC and AC sources, which indicates that the saturation of the former system is higher than that of the latter.
AC Coil
According to Table2, two 10-kV models were obtained in JMAG software for finite element analysis ( Figure 10 ). The schematic diagram of the simulation experiment is shown in Figure 11 . The rated voltage of the three-phase power source is 10 kV, and the system and load impedances are equal to Zsi = 1.5 + j183.78and ZLi = 126 + j896.92 Ω (i=A, B, C), respectively. Between 0 and 0.1 s, both AC cores of the two structures become saturated under the action of the magnetomotive force generated by the DC source, as shown in Figure 12 . Due to the interaction of the DC and AC fluxes, the magnetic flux intensity curves of the two structures are sinusoidal. However, it is clear that the magnetic flux density of the CTSFCL is higher than that of the SFCL containing the same DC and AC sources, which indicates that the saturation of the former system is higher than that of the latter. For the SFCL, a part the DC magnetic flux flows in air when it passes through the coils. Therefore, the outer limbs remain unsaturated while the inner limbs reach the saturated state, which affects the SFCL impedance in the normal state. In the CTSFCL, the AC and DC coils are wound on the same limbs, which, therefore, can be saturated at the same time. Compared with the SFCL, this new structure exhibits low demand for the DC bias source. For the SFCL, a part the DC magnetic flux flows in air when it passes through the coils. Therefore, the outer limbs remain unsaturated while the inner limbs reach the saturated state, which affects the SFCL impedance in the normal state. In the CTSFCL, the AC and DC coils are wound on the same limbs, which, therefore, can be saturated at the same time. Compared with the SFCL, this new structure exhibits low demand for the DC bias source.
Impact on the Grid
In order to better analyze the reactance of the two saturated structures, during the period of 0.1-0.2 s, the DC excitation remains unchanged, the fault breaker is switched off, the load is short-circuited, and the related AC currents are compared as follows:
As shown in Figure 13 , between 0.1 and 0.2 s, two models are saturated due to the magnetomotive force generated by the DC source. The blue, red, and yellow curves represent the AC saturated currents obtained without an FCL, with an SFCL, and with a CTSFCL, respectively. The corresponding root mean square (RMS) AC currents are equal to 31.46, 25.81, and 30.76 A, respectively. Therefore, the CTSFCL has an in significant current limiting effect on the normal current (only 2.22%), while for the SFCL, its value is more than eight times greater (18.0%). Hence, it can be concluded that the proposed structure can significantly reduce the influence of magnetic flux leakage on the normal grid current. For the SFCL, a part the DC magnetic flux flows in air when it passes through the coils. Therefore, the outer limbs remain unsaturated while the inner limbs reach the saturated state, which affects the SFCL impedance in the normal state. In the CTSFCL, the AC and DC coils are wound on the same limbs, which, therefore, can be saturated at the same time. Compared with the SFCL, this new structure exhibits low demand for the DC bias source.
As shown in Figure 13 , between 0.1 and 0.2 s, two models are saturated due to the magnetomotive force generated by the DC source. The blue, red, and yellow curves represent the AC saturated currents obtained without an FCL, with an SFCL, and with a CTSFCL, respectively. The corresponding root mean square (RMS) AC currents are equal to 31.46, 25.81, and 30.76 A, respectively. Therefore, the CTSFCL has an in significant current limiting effect on the normal current (only 2.22%), while for the SFCL, its value is more than eight times greater (18.0%). Hence, it can be concluded that the proposed structure can significantly reduce the influence of magnetic flux leakage on the normal grid current. 
Current Limiting Capability
In order to verify the current limiting capabilities of the CTSFCL and SFCL, the DC current is cut off between 0.12 and 0.22 s to make both structures of the current limiters unsaturated. As shown in Figure 14 , the blue, red, and yellow curves represent the AC currents obtained without an FCL, with an SFCL, and with a CTSFCL, respectively. The corresponding RMSAC currents are equal to 31.47, 9.72, and 10.07 A, respectively. The CTSFCL's capability of current limiting is 31.99%, and that of SFCL is equal to 30.89%. Thus, as stated in Section 2.1, the CTSFCL's capability of current limiting is reduced by a certain degree (96%) with respect to that of the SFCL, which is considered not very large. However, the traditional structure's capacity of current limiting is eight times of that of the new structure in the normal state which will definitely has a significant influence on the normal operation of the grid. Considering this problem, the slight reduction of the current limiting capacity of the new structure is acceptable. 
DC Control
When the fault signal is received, the DC coil is quickly de-energized through ZnO1, which reduces the current in the coil to exit the core saturation state, as shown in Figure 15a . After receiving the fault signal, the DC current cannot achieve complete demagnetization during the first cycle. At this time, only three of the six cores can become unsaturated, and the other three cores remain 
When the fault signal is received, the DC coil is quickly de-energized through ZnO 1 , which reduces the current in the coil to exit the core saturation state, as shown in Figure 15a . After receiving the fault signal, the DC current cannot achieve complete demagnetization during the first cycle. At this time, only three of the six cores can become unsaturated, and the other three cores remain saturated. In the subsequent cycles (Figure 15b ), the energy of the DC coil is completely consumed by the energy release loop. At this stage, the DC current is almost reduced to zero, and the core does not become saturated under the action of a single AC current flux linkage; as result, the six cores remain in an unsaturated state. At this time, the reactance of the limiter is maximized. Figure 14 . AC currents flowing in the CTSFCL and SFCL (DC = 0 A).
When the fault signal is received, the DC coil is quickly de-energized through ZnO1, which reduces the current in the coil to exit the core saturation state, as shown in Figure 15a . After receiving the fault signal, the DC current cannot achieve complete demagnetization during the first cycle. At this time, only three of the six cores can become unsaturated, and the other three cores remain saturated. In the subsequent cycles (Figure 15b ), the energy of the DC coil is completely consumed by the energy release loop. At this stage, the DC current is almost reduced to zero, and the core does not become saturated under the action of a single AC current flux linkage; as result, the six cores remain in an unsaturated state. At this time, the reactance of the limiter is maximized. 
Impedancesof Different Air-Gaps
In Section 2.2, it is shown that the energy required for the CTSFCL to reach saturation depends on the air gap type and that the reactance under the current limiting conditions varies as well. Because the AC and DC coils of the CTSFCL are wound on the same core, its saturation is determined by the linkages of the AC and DC fluxes. In order to analyze the dependence of the impedance of the iron cores on the air-gap type under the action of the AC and DC flux linkages, four models with the same AC and time-stepped DC currents are constructed in JMAG (three of 
In Section 2.2, it is shown that the energy required for the CTSFCL to reach saturation depends on the air gap type and that the reactance under the current limiting conditions varies as well. Because the AC and DC coils of the CTSFCL are wound on the same core, its saturation is determined by the linkages of the AC and DC fluxes. In order to analyze the dependence of the impedance of the iron cores on the air-gap type under the action of the AC and DC flux linkages, four models with the same AC and time-stepped DC currents are constructed in JMAG (three of them contain different air-gaps, and the fourth one does not have an air gap). The parameters of their prototypes are listed in Table 2 , and the values of I dc are determined by the following formula: When the DC current is 40 A (Figure 16b ), the AC current reaches maximum in the absence of the air gap because it is easier to achieve saturation in this configuration. Therefore, under the same DC current conditions, the saturation of the CTSFCL without an air gap is higher, the reactance is smaller, and the impact on the system is lower. When the DC current is 0 A (Figure 16c ), the AC current without an air gap is smaller, and the current limiting ability of the system is stronger because the introduction of an air gap decreases the reactance of the core; therefore, the current limiting effect without an air gap is stronger than that with an air gap in an unsaturated state. As indicated by the current curves obtained for the four structures (Figure 16c ), the iron cores without air-gaps will become saturated if the AC current continues to increase since it is easier to reach saturation without an air gap than with an air gap. However, different results may be obtained with an increase in the AC current.
current without an air gap is smaller, and the current limiting ability of the system is stronger because the introduction of an air gap decreases the reactance of the core; therefore, the current limiting effect without an air gap is stronger than that with an air gap in an unsaturated state. As indicated by the current curves obtained for the four structures (Figure 16c) , the iron cores without air-gaps will become saturated if the AC current continues to increase since it is easier to reach saturation without an air gap than with an air gap. However, different results may be obtained with an increase in the AC current. 
Experimental Results
In order to verify the CTSFCL capability of current limiting and minimizing steady-state losses, a physical experiment has been conducted ( Figure 17 ). The rated voltage of the three-phase power source is 10 kV, and the system and load impedances are equal to Zsi = j183.78and ZLi = 126+j896.92 Ω (I =A, B, C), respectively. The experiment simulates multiple short-circuit faults by short-circuiting the load through the fault circuit breaker. 
In order to verify the CTSFCL capability of current limiting and minimizing steady-state losses, a physical experiment has been conducted ( Figure 17 ). The rated voltage of the three-phase power source is 10 kV, and the system and load impedances are equal to Z si = j183.78 and Z Li = 126 + j896.92 Ω (I = A, B, C), respectively. The experiment simulates multiple short-circuit faults by short-circuiting the load through the fault circuit breaker. 
Normal State
The normal current under the experimental conditions is about 5 A. In order to estimate the CTSFCL steady-state loss, the DC resistance and CTSFCL active loss are monitored during normal operation. DC resistance of AC coils as shown in Table 3 . The results presented in Table4show that the voltage on the AC winding of the CTSFCL is 0.1104 kV, corresponding to only 1.9% of the total 
The normal current under the experimental conditions is about 5 A. In order to estimate the CTSFCL steady-state loss, the DC resistance and CTSFCL active loss are monitored during normal operation. DC resistance of AC coils as shown in Table 3 . The results presented in Table 4 show that the voltage on the AC winding of the CTSFCL is 0.1104 kV, corresponding to only 1.9% of the total voltage, which has little effect on the entire system. The active power of the AC winding is 0.1496 kW, which is only about 0.07% of the total capacity of the prototype. Figure 18 shows the waveform of the DC current. The green curve represents the DC voltage, and the top blue one denotes the DC current. When the system is working normally, the DC current source provides a lower voltage of about 50 V (a stable 40-A DC can be output due to hysteresis). The approximate loss on the coil is 2 kW, which is about 1% of the total capacity of the prototype equal to 200 kVA. Therefore, the DC loss of this structure can be considered relatively small. 
Fault Status
When a fault occurs, the inner limbs are no longer in the saturation state while the DC current decreases. Figures 19-22 show the AC fault waveforms of the CTSFCL obtained for the single-phase grounding, two-phase grounding, phase-to-phase, and three-phase grounding short circuits. Channels 1, 2, and 3 correspond to the AC currents of phases A, B, and C, respectively. From the results presented in Tables 5-8 , it can be concluded that the CTSFCL can effectively limit the short-circuit current to about 30% of the original value under various conditions. 
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Conclusions
In this study, a new type of the three-phase SFCL, in which the DC and AC coils are wound on the same core to reduce the leakage magnetic reluctance, is proposed. This structure facilitates the saturation of the core in the normal state and reduces the demand for DC power. In addition, the In this section, the ratio of the DC power to the capacity of the current limiter prototype and its impedances in the limiting and normal states are measured experimentally. Both the DC power and impedance of the fabricated prototype are much higher than the values reported in Reference [30] for the conventional SFCL (see Table 9 ). 
In this study, a new type of the three-phase SFCL, in which the DC and AC coils are wound on the same core to reduce the leakage magnetic reluctance, is proposed. This structure facilitates the saturation of the core in the normal state and reduces the demand for DC power. In addition, the reactance of the limiter decreases upon saturation, which reduces its effect on the normal grid operation.
The analysis of the equivalent magnetic circuit diagrams of the SFCL and CSFCL shows that the reactance of the limier is related to the magnetic flux leakage, presence of air-gaps, and saturation of the core. The SFCL leakage magnetic flux is divided into four parts using the magnetic field division method. By comparing the leakage magnetic fields of the conventional SFCL and CTSFCL whose AC and DC coils are wound on the same core column (tightly coupled), it is found that the conductance of the leakage magnetic flux of the new structure is relatively small indicating that the novel structure proposed in this paper can convert into saturated under lower DC power supply. The structures of both current limiters are modeled in JMAG. A comparison of their saturations and AC currents measured under the same conditions shows that the new structure reduces the demand for DC power and has less influence on the grid. Furthermore, the impedances of the CTSFCL with different air-gaps have been measured as well. It is found that the structure without an air gap has the smallest impedance during saturation and largest average impedance in an unsaturated state, which is most suitable for the CTSFCL. Finally, a test prototype is fabricated to verify the proposed structure. The obtained results show that the designed structure not only has little effect on the normal current, but also exhibits high current limiting capability.
Compared with the traditional structure, the new structure proposed in this paper has the advantages of smaller demand for DC excitation during normal operation and less impact on the power grid (its normal impedance is one eighth of that of the traditional structure). The magnetic field division method and air-gap analysis described in this work can be further utilized in research studies on the iron core reactor. However, the current limiting impedance is slightly reduced compared with the original value, and the insulation problems caused by shortening the distance between the AC and DC coils must be addressed in future works.
